Thermal energy He atom scattering is used to investigate the recovery of a nanometer-scale corrugation on the ͑110͒ surface of silver. Periodic and remarkably well-ordered rippled structures with ridges oriented along the ͗001͘ and ͗11 0͘ azimuthal directions are grown by ion sputtering at grazing incidence and at a crystal temperature of 210 K. Hence, morphological equilibration of the corrugated surface is investigated in real time in the temperature range between 200 and 230 K. The activation energy for the mechanism driving surface relaxation of ͗001͘, and ͗11 0͘-oriented ripples is measured to be (0.52Ϯ0.09) and (0.43Ϯ0.05) eV, respectively. The same underlying rate limiting process-i.e., adatom detachment from the open ͗001͘ step edge-is suggested. Finally, the ripple amplitude is observed to decay with time following the inverse linear behavior, independently of the ripple orientation and of the substrate temperature. This result disagrees with the predictions of the one-dimensional model by Israeli and Kandel where an exponential decay law is obtained for the case of attachment-detachment limited kinetics.
I. INTRODUCTION
Knowledge of the microscopic mechanisms which govern diffusion on crystal surfaces is a basic step in understanding phenomena which are of utmost importance in surface science from both the fundamental and technological points of view such as crystal and thin film growth, surface reactions, and catalysis. 1 In particular, the fast-growing area of nanotechnology has stimulated detailed investigations of diffusion-driven processes on surfaces in order to create twodimensional nanostructures and to guarantee their stability with increasing temperature. The way mostly pursued to pattern a surface on the nanometric scale is via the control of self-assembly in growth processes such as molecular beam epitaxy. 2, 3 The possibility to grow nanoscale patterns during ion sputtering has received increasing interest in the past years. In fact, low-energy ion bombardment is a common technique widely used in many thin-film applications such as sputter etching and deposition, ion-beam-assisted growth, and reactive ion etching. Periodic features grown during ion bombardment are detected on semiconductor as well as on metal surfaces. 4 Recently, the ͑110͒ surfaces of fcc crystals have attracted the attention of experimentalists because of their marked anisotropy, leading, among other interesting features, to a rich variety of nanoscale morphologies. 4, 5 In the case of silver, ripple nanostructures with different ridge orientation are detected after ion bombardment as well as during epitaxial growth with x-ray scattering and with specular-profile-analysis ͑SPA͒ low-energy electron diffraction ͑LEED͒, respectively. 6, 7 The morphological equilibration of a rippled surface with an ideal sinusoidal profile was first described within a continuum model by Mullins. 8 Mullins' theory predicts that the profile amplitude decays exponentially with time and that the shape of the corrugation remains sinusoidal. These suggestions are well supported by experiments on amorphous surfaces as well as by computer simulations. 9, 10 However, for the case of a single-crystal surface near a singular orientation and below its roughening temperature the continuum theory is inapplicable. 11 In this regime, facets or cusps form at the top and bottom of the profile and step-step interactions drive surface smoothing. 12, 13 Developments of the theory beyond the classical continuum model describe the relaxation of a one-dimensional sinusoid in terms of a step flow model. Recently, Israeli and Kandel 14 ͑IK͒ have demonstrated that the classical exponential decay law still holds true whenever surface recovery is limited by attachment-detachment kinetics. In contrast, an inverse linear decay is expected for the special case of diffusion limited kinetics. In a contemporary paper Murty 15 gets around the nonanalyticity in the free energy by carefully smoothing out the cusp at low-Miller-index orientations. A continuum approach is developed to describe diffusion-driven relaxation and the results are compared with the predictions of kinetic Monte Carlo simulations. For both unidirectional and bidirectional sinusoidal profiles the amplitude is observed to decay linearly with time. From the experimental point of view, several studies deal with morphological equilibration of semiconductor and metal surfaces below their roughening temperature. 16 -18 In particular, the amplitude of a periodic step array grown on Si͑001͒ with a wavelength of a few m was observed to decrease exponentially during annealing by Keeffe et al., 19 in good agreement with the predictions of the IK model. Quite different results are obtained on the same surface for a rippled structure with nanometer-scale wavelength by Erlebacher et al. who report the first experimental observation of nonclassical surface smoothing. 20 Here, the ripple amplitude decay is observed to follow an inverse linear law. Israeli and Kandel further commented on the results of Erlebacher et al., suggesting that the discrepancy might be accounted for within a twodimensional model where surface diffusion along and perpendicularly to the step edges is allowed. 21, 22 In order to contribute to the discussed topic, we present an investigation of the morphological equilibration of a corrugated Ag͑110͒ surface. A well-ordered pattern of nanometerscale ripples is grown by ion sputtering. Surface recovery during annealing at different temperatures is followed in situ and in real time using thermal energy He atom scattering. We remark that the ͑110͒ face of an fcc crystal is well suited to test the one-dimensional smoothing model since the elementary processes relevant for surface relaxation are strongly anisotropic. Molecular dynamics ͑MD͒ simulations show that adatom diffusion on a ͑110͒ terrace is easy along the ͗11 0͘ atomic channels and more difficult along the crosschannel ͗001͘ direction where it occurs preferably by exchange. Moreover, nonequivalent Ehrlich-Schwoebel barriers and energies for detachment of adatoms from the step edges are predicted along the two azimuths. 23, 24 The paper is organized as follows: Section II describes the experimental details, while measurements are presented in Sec. III. Finally, in Sec. IV conclusions are singled out.
II. EXPERIMENT
Measurements are performed by means of the custombuilt scattering apparatus described in detail elsewhere. 25 Briefly, the supersonic He nozzle beam is produced at source temperature T 0 between 26 and 55 K and pressure P 0 between 2 and 12 bars. The most probable beam energy ranges between 4.5 and 11.5 meV, corresponding to a scattering wave vector kϭ2.9-4.7 Å Ϫ1 . The scattered atoms are collected at fixed total deflection angle t ϭ110°using a timeof-flight detection system or a lock-in amplifier. The incident angle i and the scattering angle f refer to the surface normal and are changed simultaneously by rotating the sample. The Ag sample is cleaned in ultrahigh vacuum by Ar-ion sputtering and annealing cycles until the usual diffraction pattern is obtained. 26 The full width at half maximum ͑FWHM͒ of the specular peak measured on a well-prepared sample provides an estimation of the scattering coherence length L of about 700 Å. The crystal temperature is measured by a K-type thermocouple with reproducibility within 5 K and accuracy Ϯ15 K. Surface nanostructures are grown by 45 min, Ar ϩ , 1 keV ion bombardment at sample temperature T s ϭ210 K and at grazing incidence angle of about 73.5°w ith respect to the surface normal. Within this sputtering geometry ripples are known to develop with ridges oriented along the direction of the incoming beam. 4 In this experiment, the beam is set within Ϯ1°along the ͗001͘ and ͗11 0͘
azimuths. The ion current is held constant at 6 A/cm 2 during sputtering corresponding to an ion flux of about 0.032 monolayer/s ͑ML/s͒. The total ion fluence is about 85 ML.
III. RESULTS
The morphology of the nanostructured surface is investigated by measuring the diffraction profile of the ͑00͒ peak at different values of the vertical scattering phase change S z ϭd ⌬k Ќ /2 where ⌬k Ќ ϭ2k cos t /2 is the perpendicular momentum transfer and dϭ1.44 Å is the Ag͑110͒ interlayer spacing. Figure 1 reports the peak profile, intensity versus the parallel momentum transfer ⌬K ͉͉ , measured along the main azimuthal directions after ion sputtering along the ͗001͘ azimuth. Here, ⌬K ͉͉ ϭk(sin f Ϫsin i ) and S z ϭ1.
Measurements are performed at T s ϭ170 K cooling down the sample in few minutes after sputtering. At this temperature, the surface morphology is followed for a period of 24 h without observing any change. Along the ͗11 0͘ azimuth two orders of satellites are detected besides a strong central component. In contrast, no lateral contributions are observed within the specular peak profile along the ͗001͘ azimuth. We remind the reader that at S z ϭ1 in-phase scattering of waves diffracted from adjacent terraces occurs. Hence, the side peaks within the ͗11 0͘ profile are not ascribed to surface facets but to remarkably well-ordered surface ripples oriented parallel to the ion's plane of incidence. 27 This is further demonstrated in the inset of Fig. 1 where the position of the first-and second-order satellites is proved to be independent on the vertical scattering phase. In order to obtain quantitative information about the rippled surface morphology the measured peak profiles are fitted using a standard leastsquares minimization procedure. The corresponding best-fit curves are superimposed to the data in Fig. 1, showing good agreement. In detail, the ͗001͘ peak is described as the sum of a constant background with a Voigt function. The width of the best-fit Voigt peak reveals that the average length of the grooves is comparable or even greater than L. The specular profile along the ͗11 0͘ azimuth is fitted as the sum of a central Voigt structure with four lateral Voigt peaks. The FWHM of the central structure shows that long-range order is retained within the scattering coherence length also across the ripples ridges. The periodicity K 0 of the satellites pro-FIG. 1. Open squares are the specular peak profiles, intensity vs the parallel momentum transfer ⌬K ͉͉ , measured at surface temperature T s ϭ170 K on a rippled Ag͑110͒ surface along the main azimuthal directions. The helium beam energy is E b ϭ7.5 meV, and the total deflection angle is t ϭ110°, corresponding to a vertical scattering phase S z ϭ1. Ripples with ridges oriented along the ͗001͘ azimuth are grown at T s ϭ210 K by Ar ϩ , 1 keV ion sputtering along the ͗001͘ direction at incidence angle 16.5°with respect to the surface. The ion flux is 0.032 monolayer/s ͑ML/s͒, and the ion fluence is 85 ML. The solid lines represent the regression curves which best fit the data. Along the ͗001͘ azimuth the peak is described as the sum of a Voigt-shaped function with a constant background. Along the ͗11 0͘ azimuth the peak profile is described as the sum of a central Voigt structure ͑dotted line͒ with two orders of Voigt satellites ͑dashed and dash-dotted lines, respectively͒. The position of the structures is reported as a function of S z in the inset.
vides an estimation of the mean ripple wavelength ⌳ ϭ2/K 0 ϭ(105Ϯ2) Å. The width of the satellite peaks is about 3 times the intrinsic peak width, and hence a broad ripple separation distribution function is expected. A rough estimation suggests about 50 Å, FWHM. Although not shown here, similar results are obtained if the specular peak profile is measured after ion sputtering along the ͗11 0͘ azimuth. In this case, two orders of side peaks are detected within the ͗001͘ peak profile corresponding to well-ordered ripples oriented along the surface channels. The estimated ripple wavelength is ⌳ϭ(103Ϯ2) Å.
The morphological equilibration of in-channel and crosschannel ripples is monitored at different sample temperatures in the range between 200 and 230 K. Prior to each set of measurements the freshly patterned surface is cooled down to 170 K where a reference profile is acquired in order to check the reproducibility of the starting surface morphology. The surface is then annealed at a given temperature and the time evolution of the specular peak at S z ϭ1 is followed. In Fig. 2 the smoothing of ͗001͘ ripples at T s ϭ205 K is shown as an example. It is worth noting that the intensity of the lateral contributions decreases with time while an increase of the specular intensity is observed as the fingerprint of ripple decay. However, two orders of satellites are always present within the specular profile, suggesting that a high degree of order perpendicular to the grooves is retained during surface recovery. Further information on the evolution of the surface morphology is obtained by fitting the peak profiles as previously described-i.e., as the sum of five Voigt peaks. The best-fit curves are superimposed on the data in Fig. 2 . In Fig.  3 the normalized intensity I/I 0 of the best-fit first-order satellite is reported versus time at different annealing temperatures. Here, I 0 is the extrapolated intensity in the early stages of the recovery process. If we roughly assume that the eikonal approximation for a weak surface corrugation holds true, direct information on the squared ripple amplitude decay is obtained. 28 In the upper and lower panels the results for cross-channel and in-channel ripples are summarized, respectively. At first, it can be noted that the time scale for ripple smoothing strongly depends on temperature. For instance, the intensity scattered from cross-channel ripples is reduced by a factor ϳ7 after about 1 h annealing at 220 K but the same intensity ratio is observed after about 7 h annealing at 205 K. Moreover, no evolution of the crosschannel ripple morphology is detected for more than 10 h below 200 K while at 225 K ripples smooth in few minutes. This temperature window is shifted upward by about 10 K if in-channel ripples are considered.
The data in Fig. 3 are compared with the predictions of different models for the recovery of a corrugated surface. In detail, solid lines represent the best approximation of the intensity decrease at short times where the exponential decay IϭI 0 exp(Ϫt/) is expected. 14, 29 Note that, at later times, deviations from exponential behavior are observed independent of the ripple orientation and of the annealing temperature. A similar result-i.e., good agreement over a limited time range-is obtained if the linear amplitude decay predicted by Ref. 15 is assumed. In contrast, nice agreement is found at all times with the dashed lines obtained as best-fit curves using the inverse squared decay law IϭI 0 /(1ϩKt) 2 . The decay frequency K contains all the temperature dependence and it is expected to behave as Here, k b is the Boltzmann constant and ⑀ the activation energy of the process driving surface smoothening. The stepstep interaction exponent m is ϩ1 or Ϫ1 for elastic or entropic step interaction, respectively. The best-fit values of K for in-channel and cross-channel ripples are compared at different sample temperatures on an Arrhenius plot in Fig. 4 . As previously observed, smoothing is faster for ͗001͘-oriented ripples. In order to estimate the activation energy each set of data is fitted using Eq. ͑3.1͒. Because of the small temperature range considered here, we are not able to distinguish different step interactions. Replacing mϭϪ1 with mϭϩ1 provides just as good a fit and estimations of ⑀ well within the error bar. The best-fit curves for mϭϩ1 are shown in figure as solid and dashed lines. The corresponding energies are E Ќ ϭ(0.52Ϯ0.09) eV and E ͉͉ ϭ(0.43Ϯ0.05) eV for cross-and in-channel ripples, respectively. Note that within the experimental accuracy the activation barrier for surface smoothening seems to be independent on the ripple orientation, hence suggesting the same rate limiting process.
IV. DISCUSSION AND CONCLUSIONS
This paper reports new results on the morphological equilibration of a rippled surface studied by He atom scattering. The effect of prolonged ion sputtering of Ag͑110͒ at grazing incidence and at a surface temperature of 210 K is investigated. A well-ordered ripple structure with ridges oriented parallel to the incoming ion beam direction is detected as previously observed with scanning tunneling microscopy ͑STM͒ and x-ray scattering. 4, 6 In particular, our results are in very good agreement with a previous SPA-LEED experiment where a highly ordered array of parallel nanogrooves is grown on Cu͑001͒ using sputtering conditions close to the present ones. 30 Many studies of ion-irradiation-induced ripples demonstrate that the ion bombardment leaves behind ion-induced surface damages and implanted ions. In the case of semiconductor or glass substrates an amorphous topmost layer is observed after prolonged sputtering. 31, 32 This has to do with the directional nature of the atomic bonding of the latter surfaces. However, in the case of single-crystal metal surfaces no amorphization is detected even after an extensive bombardment at ion energies in the keV range. 4, 6, 33 Moreover, STM measurements on Al͑111͒ ͑Ref. 34͒ and Ag͑001͒ ͑Ref. 35͒ show that the main modification of a metal surface upon the impact of a single ion consists in the outflow of adatoms which nucleate in lattice sites forming clusters of monoatomic high. A recrystallized monoatomic high vacancy cluster is found in the impact site. Of course during ion bombardment a steady-state concentration of neutralized ions and of bulk vacancies get trapped in the layers beneath the surface but this effect can be considered minor. The evolution of the surface morphology is observed in situ and in real time during sample annealing in the temperature range between 170 and 230 K. At ϳ170 K no ripple decay is detected over more than 24 h, suggesting that the processes driving surface smoothing are frozen at this temperature. STM measurements show that below 175 K the silver adatoms are simply not able to detach from the step edges. 24 In the temperature range between 200 and 230 K the rippled surface is observed to relax towards planarity. The decay of surface ripples with ridges oriented along the ͗001͘ and ͗11 0͘ azimuthal directions is investigated and the energy barriers for the rate limiting process are measured. Quite surprisingly, the same activation energy is obtained within the experimental accuracy for cross-channel and in-channel ripple smoothing. In order to interpret the measured energy we remind the reader that a rippled surface is described within the step flow model as a sequence of flat terraces separated by straight atomic steps. The steps move by atom attachment and detachment-i.e., by mass exchange with the distribution of adatoms diffusing on the terraces. The mass transport rate limiting process depends on the typical terrace width ⌬x and on the length l ϭD/k d where D is the adatom surface diffusion coefficient and k d is the rate of adatom detachment from the step edges. When lӶ⌬x the detachment events are relatively fast and the kinetics is diffusion limited. In the opposite case l ӷ⌬x, diffusion is relatively fast and the kinetics is detachment limited. The energy barrier of the rate limiting process represents the activation energy for surface relaxation. Of course, in the intermediate case (lϷ⌬x) the smoothing activation energy is expected to compare with a weighted sum of the energy barriers for surface diffusion and for adatom detachment. The measured values of E Ќ and E ͉͉ have to be compared with the energy barriers calculated by MD in Refs. 23 and 24. In detail, the activation energies compare well with the detachment energy of adatoms from the ͗001͘ open edges which ranges between E e ϭ0.45 and 0.48 eV. The energy barrier for adatom detachment from a close-packed ͗11 0͘ step edge is 0.845 or 1.05 eV for the exchange and hopping mechanisms, respectively, and results therefore much higher. Finally, the energies for diffusion along ͑0.28 eV͒ and perpendicular ͑0.38 eV͒ to the close packed rows are lower than E Ќ and E ͉͉ . This suggests that adatoms diffuse rapidly on the ͑110͒ terraces over the time scale typical for adatom releasing from the step edges. To further confirm this picture the length l is estimated using the energy barriers predicted by MD. Its value is more than three and one orders of magnitude than the typical terrace width for ͗11 0͘-and ͗001͘-oriented ripples, respectively. We conclude therefore that at temperatures between 200 and 230 K ripple smoothing is driven by the detachment of adatoms from the ͗001͘ step edges while defect creation within the ͗11 0͘-oriented steps is almost prohibited. Note that cross-channel ripples are constituted by long ͗001͘ steps parallel to the ripple ridges.
In contrast, the in-channel rippled surface is expected to be corrugated in the transverse direction over a length at least of the order of the scattering coherence length. This makes adatom detachment more frequent along the ͗001͘ ripples than across the ͗11 0͘ ripples and provides a qualitative explanation for the different smoothing rate observed along the two azimuths at the same temperature. Recent STM studies point out the detachment of adatoms from the ͗001͘ step edges to be the rate limiting process for Ag/Ag͑110͒ island decay and for the Brownian motion of vacancy islands on Ag͑110͒ in the temperature range between 170 and 220 K. The measured activation energy of (0.41Ϯ0.06) eV compares well with our estimations of E Ќ and E ͉͉ . 24, 36, 37 With regard to the model which describes the morphological equilibration of the corrugated surface, the ripple amplitude is observed to decrease with time following the inverse linear decay law in the temperature range between 200 and 230 K. This holds true independent of the ripple azimuthal orientation and of the surface annealing temperature. This result is in excellent agreement with the previous findings of Erlebacher et al. 20 In contrast, we can briefly discuss the discrepancy with the one dimensional IK model which predicts an exponential amplitude decay for the present case of attachment-detachment limited kinetics.
14 First of all, it can be noted that the adatom diffusion on the anisotropic ͑110͒ terraces is two dimensional whenever adatom detachment is possible. Two-dimensional diffusion at temperatures around 200 K is indicated as a key process to determine the surface morphology during epitaxial growth of Ag͑110͒ in the submonolayer and in the multilayer regime. 5, 7, 38, 39 This reasoning suggests that in addition to the adatoms flux normal to the ripple ridges, J n , a parallel peak-to valley current J p exists. As discussed by Israeli and Kandel the one-dimensional model is not appropriate to describe the surface morphology relaxation whenever J p /J n ϳ1. 21 Although in the present experiment a quantitative estimation of the parallel current is difficult, we suppose that J p is small with respect to J n , at least on the ͗001͘-rippled surface. In fact, within that geometry the diffusion coefficient along the ripple ridges is about 6% of the diffusion coefficient across the ripple ridges at T s ϭ200 K. The question concerning the possibility to describe the decay of a periodic pattern generated by growth or ion sputtering with theoretical models dealing with an ideal profile is addressed in Ref. 15 . Here the equilibration of a patterned surface which consists of a distribution of wave vectors is illustrated. Since the equation describing relaxation is nonlinear, the simultaneous decay of a collection of wave vectors is different from the situation where a single wavelength is present. This makes it difficult to compare the experimental results to any theory developed for a sinusoidal profile. This point is further evidenced if the time evolution of the mean ripple wavelength is considered. In fact, a slight increase of ⌳ is measured during surface recovery which is not predicted by the theoretical models. 11, 12, 14 However, the presence of a distribution of wavelengths can explain the observed shift. 15 In fact, the amplitudes of the shorter wavelengths are expected to decay away faster than those of the longer wavelengths because of the easier mass transport between adjacent ripples. This leads to a gradual increase in the characteristic length scale. It is worth concluding that theoretical models that describe the morphological equilibration of a patterned surface are still lacking for the present case of attachment-detachment limited kinetics on an anisotropic surface. We hope that the present study will stimulate further efforts.
